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AN EXPERIMENTAL INVESTIGATION OF 
RADIATION EFFECTS IN SEMICONPUCTORS 

W. Dale Compton 
University of Illinois 

INTRODUCTION 

Many of the bulk properties of silicon and germanium are drastically 
altered by irradiation with high energy photons, neutrons, or charged particles. 
The study of these changes can provide valuable information about the micro- 
scopic nature of the defects generated in the solid and the mechanism of defect 
formation. The present experiments are concerned with the radiation induced 
changes in the minority carrier lifetime of silicon, of the influence of radia- 
tion upon the recombination luminescence of germanium and silicon, and the 
influence of radiation upon the impurity conduction of germanium. A brief 
description of the techniques involved and the present status of these studies 
follows. 

CURRENT RESEARCH 

RADIATION INDUCD DEFECTS IN SILICON 

Electron spin resonance studies' of silicon irradiated with fast electrons 
have been particularly successful in establishing the microscopic models of 
several prominent defects. In n-type silicon irradiated at room temperature, 
two prominent defects are found--the Si-A center consisting of a substitutional 
oxygen atom and the Si-E center consisting of a silicon vacancy trapped next to 
a substitutional phosphorous atom. The Si-A and Si-E centers are believed to 
introduce donor levels at about 0.16 eV and 0.40 eV below the edge of the con- 
duction band, respectively. In p-type silicon, the prominent defect appears to 
be the Si-J center which consists of a divacancy. This center introduces an 
acceptor level at about 0.27 eV above the top of the valence band. 

It should be noted that the observation of defects by electron spin 
resonance requires that they possess a certain charge configuration. Although 
the Si-A center cannot be seen by resonance in p-type material, it presumably 
is formed in much the same concentration as in n-type materiai. Evidence that 
this is indeed the case comes from studies of the temperat re dependence of 
minority carrier lifetimes in irradiated p-type silicon. 2-t: These investiga- 
tions have observed that the level responsible for recombination is 0.16 eV 
below the conduction band. The importance of oxygen in the formation o f  the 
Si-A center has been amply demonstrated in n-type material. The influence of 

1 



11l1ll1ll1l11lllIIlII II I1 I I 

I I I I I I I  

n - type 

0.26 ev 

0 

0 

t tt 1 
I 
3.2 

103/T("K) 

0 

I C  

t 
0 

t o  + 
I I  

3.4 

0 

I 
3.6 

Figure  1. H a l f ;  decay time of minori ty  
c a r r i e r s  vs  1 0 3 1 ~  f o r  n-type s i l i c o n .  
p = 190 oK-cm a t  room temperature.  
Czochralski  grown. Upper curve - pre- 
i r r a d i a t i o n .  Middle curve - a f t e r  
1 . 2  x 107 roentgens of ~ 0 6 0 .  
curve - a f t e r  1 . 6  x lo7 roentgens of 
co  . 
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oxygen upon the  recombina- 
t i o n  l e v e l  i n  p-type 
m a t e r i a l  has not been wel l  
e s t a b l i s h e d .  Nei ther  has 
a completely systematic  
s tudy of t h e  inf luence  of 
t he  i n i t i a l  conduct iv i ty  
upon the  rate o f  i n t roduc t ion  
of S i - A  c e n t e r s  been repor ted  
nor i s  the  na tu re  of t he  re- 
combination l e v e l  i n  n-type 
m a t e r i a l  e s t ab l i shed .  

The present  s t u d i e s  
a r e  concerned with a sys-  
tematic  i n v e s t i g a t i o n  of 
t he  minori ty  c a r r i e r  l i f e -  
t imes i n  n- and p-type 
s i l i c o n  having var ious  
i n i t i a l  c o n d u c t i v i t i e s .  
The minori ty  c a r r i e r  l i f e -  
time of each sample w i l l  be 
s tud ied  a s  a func t ion  of 
i r r a d i a t i o n  dose.  Excess 
c a r r i e r s  a r e  generated by 
o p t i c a l  i n j e c t i o n  from a 
pulsed d ischarge  lamp 
having a c h a r a c t e r i s t i c  
decay time of about 10-7 
sec .  An exponent ia l  decay 
of t he  excess conduct iv i ty  
i s  observed following the  
i n j e c t i o n  of t he  excess 
c a r r i e r s .  The time requi red  
f o r  t he  conduct iv i ty  t o  de- 
c rease  t o  one-half i t s  i n i t i a l  
va lue  i s  p l o t t e d  a s  a func- 
t i o n  of r e c i p r o c a l  abso lu t e  
temperature.  I n  c o n t r a s t  t o  
previous s t u d i e s  ,394  t h i c k  
samples a r e  being used so  
t h a t  sur face  recombination 
processes  w i l l  be n e g l i g i b l e .  
I r r a d i a t i o n  with C060 gamma 

rays  i s  being u t i l i z e d  i n  order  t o  ob ta in  uniform damage throughout t he  bulk of 
t he  sample.  

Figures  1 and 2 present  d a t a  of t h e  minori ty  c a r r i e r  l i f e t i m e s  of n- and 
p-type s i l i c o n ,  r e spec t ive ly .  
m a t e r i a l  grown by the  Czochralski  technique. P r i o r  t o  i r r a d i a t i o n ,  t he  

Figure 1 a p p l i e s  t o  a sample of n-type 190 ohm-cm 
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Half decay time of minority 
carriers E ~o'/T for p-type silicon. 
p = 20 ohm-cm at room temperature. Float- 
zone grown. Upper curve - pre-irradiation. 
Lo er curve - after 3.0 x lo6  roentgens of Coxa. 
ciprocal half decay times of upper and lower 
yrves . 

Middle curve - difference of re- 

recombination level is ap- 
parently 0.15 eV above the 
valence band. Following ir- 
radiation with 1.2 and 1.6  x 
lo7 roentgens of Co60, the 
recombination level is 
located 0.26 eV above the 
valence band. This compares 
quite favorably with the 
location of the level associ- 
ated with the Si-J center. 
Although the decrease in 
lifetime was reasonably 
linear with the length of 
irradiation, this will be 
studied more extensively at 
a later time. Figure 2 
presents data taken on a p- 
type sample having a room 
temperature resistivity of 
20 ohm-cm. This sample had 
a low oxygen content as a 
result of being grown by the 
floating zone technique. 
The upper curve was taken on 
the unirradiated material. 
The lower curve was obtained 
after 3 x 106 roentgens of 
Co60 gamma rays. The middle 
curve is the difference of 
the reciprocal of the half 
decay times of the upper and 
lower curves and represents 
the effect of the irradi- 
ation. The slope of the 
middle curve is 0.10 eV. The 
irradiation of these samples 
and additional samples of 
different initial resistivi- 
ties and oxygen content is 
underway. 

The recombination of 
excess minority carriers 
with majority carriers might 
be expected to result in the 

emission of luminescence. This can be depicted as in Fig. 3 for an irradiated 
p-type sample containing the Si-A center. A free electron and hole are generated 
by the absorption of a photon. The electron, being the minority carrier, is 
trapped at the Si-A center. Recombination with one of the many free holes 
then takes place. For this model, a luminescence with energy of about E -0.16 eV 
should be seen. No recombination luminescence has been reported that results 
from recombination radiation induced defects, although recombination 
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Figure 3 .  Schematic illustration of absorption and luminescence 
processes in a semiconductor. 

luminescence resulting from recombination via donors and acceptor states has 
been widely studied.5 
If such a luminescence exists, it should provide a very powerful tool for 
locating the position of the energy levels associated with radiation induced 
defects. 

Work is under way to attempt to observe this radiation. 

The equipment for this measurement consists of a monochromator, a cooled 
PbS detector, a high intensity tungsten light source and chopper. The signal 
is amplified, transmitted to a synchronous rectifier-amplifier detector and 
recorded. Since the luminescence characteristic of recombination v& induced 
defects is likely to be very inefficient, the equipment must have a high 
sensitivity. A reasonable test of this sensitivity would seem to be the 
observation of the recombination luminescence of silicon and germanium as 
studied by other workers. 
sample of germanium having a thickness of 0.0069 inches. 
etched with CP-4 prior to measurement. 
temperature. 
detector has been made. These data compare very favorably with those pub- 
lished by H a y n e ~ . ~  Irradiation of this sample with a flux of 9 x 1014 nvt 
fast neutrons resulted in the complete disappearance of this luminescence. 
No other luminescence could be found at wavelengths less than 2.8 microns. 

An example of this is shown in Fig. 4 for a 20 ohm-cm 
The sample was 

These results were obtained at room 
An approximate correction for the spectral response of the PbS 
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Figure 4.  Emission intensity in arbitrary units E wavelength in microns 
for n-type germanium. p = 20 ohm-cm at room temperature. 

It will be necessary to measure at longer wavelengths with a cooled PbSe detector 
in order to be certain that no other luminescence is present. Samples of sili- 
con are now being prepared for irradi'ation and the luminescent spectrum will be 
studied in the near future. 

MECHANISM OF DEFECT PRODUCTION IN GERMANIUM 

The search for defects which have been generated by irradiation of ger- 
manium with soft x-rays is continuing. The results of these studies may be 
summarized as follows: 

a. The introduction of acceptor levels into n-type germanium by 
x-irradiation has an exceedingly small probability. 

b. Although the concentration of conduction electrons changes following 
irradiation and measurement at quite low temperature, it is diffi- 
cult to determine whether this results from the introduction of 
acceptor states or from the trapping of majority carriers--probably 
at surface states. 

c. If a stable defect involving the donor impurity can be produced by 
x-irradiation, it would be best to look for such an effect in highly 
doped material. This requires, however, the detection of a very 
small change in a large number of conduction electrons. 
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Because of the above factors, the search for defects produced by x-rays 
is currently utilizing the study of impurity band conduction. 
tivity and Hall coefficient of samples of n-type germanium containing about 
10l6 donors per cm3 are measured between 80 and 1.5'K. 
phenomena of impurity conduction occurs. 
visualized as follows: 
ceptor atoms/cm3. The latter are present as accidental impurities. At 
absolute zero, the NA acceptors will contain electrons and ND-NA donors will 
contain electrons. A s  the temperature is raised, conduction results from 
the phonon-assisted hopping of electrons from an occupied donor to an un- 
occupied donor. 
N 

The resis- 

At about 4.5"K the 
This conduction mechanism may be 

The sample contains ND donor atoms/cm3 and NA ac- 

The resistivity of the sample in this region (T < 4.5"K for 
~tl 2 x 1016/cm3) can be expressed as 

D 

-E3/kT 
P = P0e 

where e3 represents the energy required for an electron to jump from a donor 
to an unoccupied donor. 
theoretically6 that e3 can be expressed as 

For low donor concentrations, it has been shown 

-8 'I3) eV E = 2 x 10 (ND1l3 - 1.35 NA N 

3 

and that po is a constant. 
is straightforward to show that for a constant % that (Q/p) is given 

Assuming that po is independent of ND and N it 

P kT NA 

This gives for 

@p/p g -1.6 (ONA/NA) 9 
14 3 NA = 10 /cm and T = 3°K 

and 

&/p 2 -10 @"INA) 16 3 NA = 10 /cm and T = 2°K 

Thus the change in resistivity is a very sensitive detector of the change in 
the acceptor concentration. 
the impurity band mechanism is important, the free electrons in the conduction 
band dominate the conduction. If n is the number of free electrons in the 
conduction band, it can be shown that 

A s  the temperature is raised above that where 

-Ed/kT n(n + NA> 
N -N -n 

15 T3/2 e = 2.0 x 10 
D A  

where E is the activation energy for ionization of a donor electron. Setting 
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the right hand side of this equation equal to C(T), it can be shown that 

& 
n C(T) 2n 1+-+- 

NA NA 

(5) 

for constant ND. 
much less than that of C(T), it follows that 

Since the mobility has a temperature dependence that is 

For the purpose of comparison, consider the case that NA = 0.05 ND, a physi- 
cally reasonable choice. The substitution of values into E q .  (5) gives the 
following : 

Table 1. Fractional Change in Carrier Concentration (An/n) as a Function of 
Temperature and Donor Concentration 

T(OK) ! 
80 

13.3 

7.3 

5 .O 

16 3 ND= 2 x 10 /cm 

17 

15 
13 

12 

7.67 x 10 
2.32 x 10 

4.10 x 10 
1.01 x 10 

A t  a given temperature, 

I I* 

0.053 @NA/NA 
0.10 ANA/NA 
1.02 ANA/NA 

1.06 ANA/NA 
b I 

17 

13 

I 
0.052 ANA/NA I 3.3 x 10 

0.11 ANA/NA I 1.7 x 10 

1.02 AN /N ' 2.24 x 10 
0.53 ANA/NA I 4.4 lo9 

6 
A A  I 

C(T) is different for the above two examples as a re- 
sult of the decrease in Ed with increasing donor concentration. 

It is quite obvious that the changes of resistivity in the impurity band 
region are far better indicators of changes in the acceptor concentration than 
are the changes in the resistivity at higher temperatures. This is particularly 
true of samples with a high donor concentration. This is illustrated very 
nicely by the resistivity data of Fig. 5 where impurity conduction is being 
used as a tool for studying the introduction rate of acceptors by radiation 
damage. The sensitivity of the impurity conduction process is clearly shown 
in Fig. 6 where the resistivity data fromFig. 5 are plotted as a function of 
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Figure 5 .  R e s i s t i v i t y  v s  l / T ( O K )  f o r  
n-type germanium c o n t a i z n g  1.8 x 10 1 6  

Curve I - un i r r ad ia t ed .  Curves 11, 111, a 
and I V  a f t e r  i r r a d i a t i o n  with 4.5 x 1013, 
2.7 x 1014 and 2.3 x 1015 nvt  of f a s t  
neutrons,  r e s p e c t i v e l y ,  a t  room temperature. 

donors/cm3 and about 1 x 1015 acceptors/cm 3 . 

neutron f l u x  f o r  two 
measured temperatures.  
The lower curve (10°K) 
i s  we l l  ou t s ide  the  
range of impurity con- 
duct  i on .  

It a l s o  appears 
t h a t  t h e  in t roduc t ion  of 
acceptors  by i r r a d i a t i o n  
o f f e r s  a means of obtain-  
i ng  d a t a  t h a t  a r e  needed 
f o r  a b e t t e r  understand- 
ing of t h e  impurity 
conduction process .  One 
of t h e  g r e a t  d i f f i c u l t i e s  
has been the  procurement 
of samples with t h e  same 
donor concentrat ion bu t  
d i f f e r e n t  acceptor con- 
c e n t r a t i o n s .  In t roduc t ion  
of acceptors  by i r r a d i a -  
t i o n  of n-type germanium 
leaves t h e  donor con- 
c e n t r a t i o n  constant  but  
i nc reases  t h e  acceptor 
concen t r a t ion .  It should 
t h e r e f o r e  be poss ib l e  t o  
t e s t  the v a l i d i t y  of t h e  
func t iona l  dependence of 
c3 upon NA a s  given i n  
Eq. ( 2 ) .  One of the 
d i f f i c u l t i e s  of doing 
t h i s  i s  the  determinat ion 
of NA and ND i n  t h e  sample 
p r i o r  t o  i r r a d i a t i o n .  This 
can be done by c a r e f u l l y  
f i t t i n g  the  shape of t h e  
curve of t h e  Ha l l  c o e f f i -  
c i e n t  v s  l/T(OK) t o  the 
curve p red ic t ed  by Eq. (4) 
and thereby determining ND 
and NA. This i s  being done 

with the  a i d  of t h e  IBM 7094 com u t e r .  Since Eq. (4) i s  only v a l i d  f o r  donor 

higher  donor concentrat ions.  
concentrat ions l e s s  than 1016/cm P , i t  i s  necessary t o  use o the r  techniques f o r  

Since t h e  u t i l i z a t i o n  of t hese  techniques f o r  t h e  study of r a d i a t i o n  
damage i s  r a t h e r  new, i t  i s  planned t o  i r r a d i a t e  samples with a v a r i e t y  of 
p a r t i c l e s  which have va r ious  i n i t i a l  concentrat ions of ND and NA. 

8 



lo5 

I o4 - 
$ 

"0 lo3 
I 
E 
Y 

Q 

IO2 

I O  

. 3.33 O K  

" 

IO O K  

I I I I  

0 5 IO 15(x 1 0 ' ~ )  

lntegroted fast f lux ( Neutrons / cm2 ) 

Figure 6. Resistivity flux of fast neutrons for sample 
shown in Fig. 4. Plotted for the measurement 
temperatures of 3.33 and 1 0 ° K .  

REFERENCES 

1. G. D. Watkins and J. W. Corbett, Trans. Faraday SOC. No. 31, 86 (1961). 

2. G. K. Wertheim, J. Appl. Phys. 30, 1166 (1959). 
3. J. A. Baicker, Phys. Rev. 129, 1174 (1963). 
4. Final Report on Contract NAS7-91 between NASA and General Atomic, 

Division of General Dynamics. Report No. GA-3872. 

J. R. Haynes and W. C. yestphal, Phys. Rev. 101, 1676 (1956); J. R. Haynes, 
Phys. Rev. 98, 1866 (1955) and Phys. Rev. Letters 4,  361 (1960); 
3. R. Haynes, M. Lax, and W. F. Flood, J. Phys. Chem. Solids 8 ,  392 (1959). 

5. 

6. A .  Miller and E. Abrahams, Phys. Rev. 120, 745 (1960). 

NASA-Langley, 1964 D-2364 9 



“The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in  the atmosphere and space. T h e  Administration 
shad provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof .” 

-NATIONAL AERONAUTICS A N D  SPACE ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results .of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 


